A B STRA CT Experiments were carried out in normal dogs to characterize the mechanisms by which sodium bicarbonate administration results in increased excretion of phosphate. Infusion of sodium bicarbonate alone increased fractional phosphate excretion from 0.8 to 29.3%. During bicarbonate administration, ionized calcium fell and mean parathyroid hormone values increased from 59.6 to 230.4 ileq/ml. In the same group of dogs, administration of sodium bicarbonate plus calcium prevented the fall in ionized calcium, and parathyroid hormone levels remained unchanged. In these dogs fractional phosphate excretion increased from 2.4 to only 4.9%. Similar results were obtained in thyroparathyroidectomized dogs receiving sodium bicarbonate. In these dogs fractional excretion of phosphate increased from 0.6 to 4.5%. Under all three experimental conditions no differences were observed in sodium or bicarbonate excretion or in urinary or plasma pH. Administration of hydrochloric acid, after phosphaturia had been induced by the infusion of bicarbonate, resulted in a decrease in plasma bicarbonate and an acid urine; however, the phosphaturia persisted even in the presence of an acid urine pH. In five thyroparathyroidectomized dogs infused with parathyroid hormone throughout, administration of identical amounts of sodium as either NaCl or NaHCO3 resulted in a similar degree of phosphaturia despite significant differences in urine pH.
A B STRA CT Experiments were carried out in normal dogs to characterize the mechanisms by which sodium bicarbonate administration results in increased excretion of phosphate. Infusion of sodium bicarbonate alone increased fractional phosphate excretion from 0.8 to 29.3%. During bicarbonate administration, ionized calcium fell and mean parathyroid hormone values increased from 59.6 to 230.4 ileq/ml. In the same group of dogs, administration of sodium bicarbonate plus calcium prevented the fall in ionized calcium, and parathyroid hormone levels remained unchanged. In these dogs fractional phosphate excretion increased from 2.4 to only 4.9%. Similar results were obtained in thyroparathyroidectomized dogs receiving sodium bicarbonate. In these dogs fractional excretion of phosphate increased from 0.6 to 4.5%. Under all three experimental conditions no differences were observed in sodium or bicarbonate excretion or in urinary or plasma pH. Administration of hydrochloric acid, after phosphaturia had been induced by the infusion of bicarbonate, resulted in a decrease in plasma bicarbonate and an acid urine; however, the phosphaturia persisted even in the presence of an acid urine pH. In five thyroparathyroidectomized dogs infused with parathyroid hormone throughout, administration of identical amounts of sodium as either NaCl or NaHCO3 resulted in a similar degree of phosphaturia despite significant differences in urine pH.
These experiments suggest that a rise in parathyroid hormone levels, resulting from a fall in ionized calcium, is the major mechanism by which bicarbonate administration produces phosphaturia. An 
INTRODUCTION
The administration of sodium bicarbonate results in increased excretion of phosphorus in the urine in dogs and men despite a fall in serum phosphorus levels (1) (2) (3) (4) . In view of recent reports (5) (6) (7) concerning the effect of extracellular fluid (ECF)1 volume expansion on the renal reabsorption of phosphate, it seems likely that the effect of infusing sodium bicarbonate on phosphorus excretion is partly due to expansion of ECF volume. The effect of sodium chloride administration on phosphorus excretion is also presumably mediated by ECF volume expansion (5-7). However, Puschett and Goldberg (4) found greater phosphaturia after the infusion of sodium bicarbonate than was observed after the infusion of an equivalent amount of sodium chloride. This suggests that bicarbonate ion per se has a phosphaturic effect.
Another explanation for the phosphaturia of bicarbonate administration relates to alkalinization of the tubular fluid (1, 3, 4) . Alkalinization of proximal tubular fluid during bicarbonate infusion would favor a shift from H2PO4 to HP04=, resulting in an increase in the concentration of the latter species (8) . It has been suggested that the divalent ion, HPO4=, is less readily reabsorbed by the renal tubules than the monovalent form, H2PO0 (2) (3) (4) . Therefore, alkalinization of the tubular fluid during bicarbonate administration may be responsi- 
METHODS
A total of 39 experiments were performed in 16 adult female mongrel dogs weighing between 12 and 25 kg. The studies were conducted in trained unanesthetized animals, fed a standard dog chow diet and allowed free access to water. Food was removed from the cages 16 h before the clearance studies.
On the day of the experiment, the animals were placed in slings and catheters were inserted into the jugular vein for the collection of blood samples, into the bladder for urine collection, and into a hind limb vein for the infusion of the different solutions. The dogs received 500 ml of tap water via gastric tube and 1 ml/kg body wt of a solution containing 5% creatinine in 2.5% dextrose in water as a prime. Thereafter, a sustaining solution of 5% creatinine in 2.5% dextrose in water was given at a rate of 2.5 ml/min. After 1 h of equilibration, three control clearance periods were obtained. After this, different experimental protocols were used and three additional periods were collected. The experimental maneuvers included:
Admninistration of sodium bicarbonate alone. In five normal dogs, after collection of three control clearance periods, the sustaining solution was changed to a 5%o sodium bicarbonate solution containing creatinine, administered at a rate of 4 ml/min to deliver 2.38 meq of NaHCO3/min. After 90 min of equilibration with this solution, three additional clearance periods were collected.
Admninistration of sodiumn bicarbonate and calciuim. In the same group of five dogs, a prime of 90 mg of calcium as calcium gluceptate was given, followed by a sustaining infusion containing calcium in 2.5%o dextrose in water, given at a rate of 3 ml/min and calculated to deliver 5 mg of Ca/kg of body wt/h. The amount of bicarbonate infused was the same as in the preceding group of experiments. The calcium and bicarbonate solutions were infused through two catheters placed in different hind limbs. The amount of calcium given was chosen to assure the maintenance of normal ionized calcium levels in these animals.
Administration of sodium bicarbonate to thyroparathyroidectomized (TPTX) dogs. In four dogs, studies were conducted after thyroparathyroidectomy. To evaluate the completeness of the surgical procedure, serum calcium levels were obtained before and at 24, 48, and 72 h after surgery. If the animal developed hypocalcemia and clinical manifestations of tetany, the parathyroidectomy was judged to be complete.
Mfean serum Ca levels were 9.75±0.25 mg/100 ml before surgery and 6.75±0.14 mg/100 ml 48 h after parathyroidectomy (P < 0.001). All animals were given a high calcium intake after surgery to maintain serum calcium from falling too markedly. The experimental protocol used in these parathyroidectomized dogs was identical to that described for the group receiving sodium bicarbonate alone.
Administration of sodium bicarbonate or sodium chloride to normal dogs. Five dogs were used to study the effects of comparable degrees of volume expansion with either sodium bicarbonate or sodium chloride on phosphorus excretion. In these studies, after 90 min of equilibration with a solution of creatinine and dextrose (see above), two 10-min, control clearance periods were obtained. Immediately after termination of the second period, the dextrose solution was changed to another one containing either sodium bicarbonate or sodium chloride and comparable amounts of creatinine. The solutions were given at the rate of 4 ml/min to deliver 2.38 meq of sodium in each group. Clearance periods were collected at 20-min intervals immediately after the initiation of the infusion of sodium bicarbonate or sodium chloride. The sodium bicarbonate or the sodium chloride infusion studies were performed in the same five animals at a week interval.
Administration of sodium bicarbonate or sodium chloride to TPTX dogs infutsed with PTH. Five TPTX dogs infused with PTH were used to study the effects of comparable degrees of volume expansion with either sodium bicarbonate or sodium chloride on phosphorus excretion. In these experiments, after 90 min of equilibration with a solution of creatinine and dextrose, two control clearance periods were obtained. Thereafter 100 Ag of highly purified PTH (Wilson Laboratories, Chicago, Ill.) was given i.v. as a bolus, followed by a solution delivering 1 Atg of PTH/ min. After 40 min two additional clearance periods were obtained. Thereafter, while the infusion of PTH was continued, the solution was changed to one containing either sodium bicarbonate or sodium chloride given at the same rate as above. Clearance periods were collected at 30-min intervals immediately after the infusion of sodium bicarbonate or sodium chloride. The sodium bicarbonate or the sodium chloride infusion studies were performed in the same five animals at a week interval.
Administration of hydrochloric acid durintg continuous sodiuim chloride administration in dogs that had previously received sodiuim bicarbonate. Five dogs were used to study the effects of changes in urinary pH on urinary phosphate excretion. After collecting three experimental clearance periods by the same methodology as with sodium bicarbonate a!one, the solution of sodium bicarbonate was changed for another solution containing sodium chloride and creatinine and the same amount of sodium was infused per minute as was being given during the administration of sodium bicarbonate. At the same time, a priming dose of 5 meq of hydrochloric acid/kg of body weight was given, followed by a sustaining infusion that contained 0.2 meq of hydrochloric acid/ml given at a rate of 4 ml/min. After the urine became acid (which usually required 60-90 min), three additional clearance periods were again obtained.
Blood samples were collected in the middle of each clearance period for the determination of serum electrolytes, phosphorus, total calcium, magnesium, and creatinine.
Samples for PTH were obtained during the control and experimental periods. Anaerobic samples were collected for the determination of ionized calcium and blood pH. All urine samples were collected under mineral oil for creatinine, electrolytes, phosphate, pH, and cyclic AMP determinations.
Analytical proceduires. Glomerular filtration rate (GFR) was measured by the exogenous creatinine clearance; phosphate clearance was measured concurrently. Creatinine in urine and plasma was determined according to the method of Bonsnes and Taussky (9), phosphate by the method of with the formula pK' = 6.33 -0.5 X VIB where B represents the total cation concentration, estimated in the urine as the sum of Na and K concentrations. The solubility value used was 0.0309. PTH was measured with an antiserum against bovine PTH produced in the chicken. This antibody has been shown to cross-react quite well with dog PTH (12) . The sensitivity of the antibody and the methodology for the measurement of PTH levels has been described in detail elsewhere (12) . Cyclic ANIP in the urine w!as measured by a modification of the method of Gilman (13), as described previously (14) . Standard The relationship between fractional phosphate excretion and PTH levels in plasma is presented in Fig. 2 . In normal dogs bicarbonate administration resulted in a marked rise in PTH levels and fractional phosphate excretion. In normal dogs receiving calcium and bicarbonate PTH levels did not change and phosphaturia was markedly decreased. In the parathyroidectomized dogs, the phosphaturia observed after bicarbonate administration was small and PTH levels were undetectable.
The effects of similar degrees of ECF volume expansion produced by the administration of sodium bicarbonate or sodium chloride on phosphate excretion were studied in five normal dogs. The results of these exNaHCO3 NaHCO3 NaHCO3 and Table IV . Plasma phosphate levels and fractional excretion of sodium and phosphate were comparable when dogs were expanded with sodium bicarbonate or sodium chloride. Urine pH, on the other hand, was greater by about 1 pH unit in the dogs receiving bicarbonate. These results suggest that urinary alkalinization does not play a major role in the phosphaturia of sodium bicarbonate administration.
To further evaluate the effects of changes in urinary pH per se on phosphate excretion, experiments were conducted in which the solution being infused was changed to sodium chloride after an initial period of bicarbonate administration. The amount of sodium delivered was the same. Simultaneously, hydrochloric acid was administered so as to decrease blood pH and urinary pH. Table V ministration and subsequent sodium chloride and hydrochloric acid administration on urinary phosphate excretion in five dogs. Mean GFR values increased from 65.8 to 74.8 ml/min after bicarbonate administration and to 79.3 after sodium chloride and hydrochloric acid. Plasma phosphate did not change significantly and plasma calcium decreased during continuous sodium administration. Ionized calcium decreased from a mean of 4.6 to 3.6 mg/100 ml after bicarbonate and values increased again to 5 mg/100 ml after sodium chloride and hydrochloric acid administration. Serum pH increased from 7.44 to 7.63 after bicarbonate and decreased to 7.34 after sodium chloride and hydrochloric acid administration. Urinary bicarbonate increased from 7.6 to 1,181 geq/min and decreased to 26.9 ,eq/min after sodium chloride and hydrochloric acid. Fractional excretion of sodium rose from 0.2 to 15.2% after bicarbonate and 12.5% after sodium chloride and hydrochloric acid. Urine pH increased from 6.30 to 7.90 after bicarbonate and decreased again to 6.60 after sodium chloride and hydrochloric acid. PTH levels, which had risen from a mean control value of 59.6 Aleq/ml to 257 Aleq/ml after bicarbonate, decreased to 105 Aleq/ml during sodium chloride and hydrochloric acid. However, this latter value was significantly different (P <0.01) from the mean PTH value of 59.6 obtained during the control periods. Despite a marked decrease in urine pH from 7.9 to 6.60, urinary phosphate excretion, which had risen from 39.1 to 982.9 tg/min during bicarbonate administration, remained high at 760. 8 FLpo4, filtered load of phosphate.
* Significantly different from control (P < 0.01).
Table VI summarizes the effects of the different experimental maneuvers on the tubular reabsorption of phosphate (TRP). Two groups of dogs were studied before and after bicarbonate administration. In both of these groups TRP decreased slightly. However, when TRP values were expressed per 100 ml of GFR, there was a significant decrease (P < 0.01) after bicarbonate administration in normal dogs. After hydrochloric acid administration, TRP did not return to control values and when expressed per 100 ml of GFR, the absolute values were similar to those observed during bicarbonate administration. On the other hand, in the group of normal dogs that received bicarbonate plus calcium or in the dogs that received bicarbonate after parathyroidectomy, there was an increase in absolute values for TRP. In addition, when the values were expressed per 100 ml of GFR, TRP rose from 3,208 to 4,162 ug/min for normal dogs given bicarbonate plus calcium and from 3,879 to 4,283 ,Ag/min for parathyroidectomized dogs given bicarbonate alone. These results reflect the increase in filtered load of phosphate that occurred in all groups. However, in the animals in whom parathyroid hormone was absent or did not rise because of administration of calcium concomitantly with bicarbonate, most of the increment in filtered load of phosphate was reabsorbed. On the other hand, when bicarbonate administration resulted in an increase in PTH levels, most of the increment in filtered load of phosphate was excreted in the final urine.
DISCUSSION
The present studies clearly demonstrate that infusion of sodium bicarbonate results in increased phosphate excretion in the urine. Bicarbonate administration resulted in a fall in both total and ionized calcium. The decrease in total serum calcium is probably due to increased ECF volume with dilution of existing calcium. The change in ionized calcium is probably the consequence of both dilution (15) and an increase in plasma pH that would tend to decrease ionized calcium in plasma (11) . The decrease in ionized calcium triggers the release of PTH, and PTH levels increased almost fivefold after the administration of sodium bicarbonate (see Table I ). Since PTH has been clearly shown to increase phosphate excretion, it is reasonable to postulate that part of the increased phosphaturia after bicarbonate administration was mediated by increased levels of PTH. In the experiments in which calcium was administered together with bicarbonate (see Table II Kaplan et al. (18) . Sodium bicarbonate administration resulted in an increase in the levels of cyclic AMP in the urine. This increase preceeded the increase in phosphorus excretion. \Vith sodium chloride, on the other hand, there w-as a decrease rather than an increase in cyclic AMP levels, and the rise in phosphaturia observed was delayed and smaller than that observed with sodium bicarbonate. The similar degree of natriuresis observed with the administration of sodium chloride or sodium bicarbonate suggests that the degree of ECF volume expansion was comparable in the two situations. The differences in phosphaturia, therefore, cannot be ascribed to differences in ECF volume expansion. It has been reported recently (19) that proximal phosphorus reabsorption is decreased to the same extent in nornmal and TPTX dogs during expansion of the ECF volume with sodium chloride. However, a significant phosphaturia occurred only when PTH was present. These data indicate that, even in the absence of PTH, proximal tubule phosphate reabsorption can be depressed by NaCl administration; however, increased reabsorption of phosphorus in distal segments prevents an increase in phosphaturia w-hen PTH is absent or does not rise. With continuous ECF volume expansion and constant levels of PTH, the compensatory reabsorption of phosphorus in distal segments may be partially blocked and increased phosphaturia may result. This postulate is in agreement with recent observationis suggesting that the increase in phosphorus excretion accompanying ECF volume expansion with sodium chloride is not dependent on an increase in serum PTH concentrations (20) . In the present experiments bicarbo-increase in ionized calcium. At the same time, fractional excretion of sodium remained at 12.5% during sodium chloride and hydrochloric acid administration. These results would tend to suggest that alkalinization of the urine per se is not the major mechanism by which sodium bicarbonate administration produces phosphaturia. While it is possible that intratubular pH plays a role in phosphate reabsorption, as recently suggested (8), the major mechanism by which sodium bicarbonate administration produces phosphaturia seems to be related to the release of PTH as a consequence of alterations in serum ionized calcium.
Administration of sodium bicarbonate and calcium to normal dogs or administration of sodium bicarbonate alone to parathyroidectomized animals also resulted in a significant phosphaturia, although the quantitative excretion of phosphate was not as great as that observed in normal animals receiving sodium bicarbonate alone. It is evident, therefore, that volume expansion per se, as a consequence of sodium bicarbonate administration, produces phosphaturia either by decreasing sodium and fluid reabsorption or through some other mechanism. ECF volume expansion also contributes to the phosphaturia observed after sodium bicarbonate administration.
In summary, the present studies suggest that a major component responsible for the phosphaturia of sodium bicarbonate administration relates to the release of endogenous PTH as a consequence of changes in serum ionized calcium. An increased natriuresis per nephron, as a consequence of ECF volume expansion, contributes to the phosphaturia. On the other hand, alkalinization of the urine does not seem to play a significant role in the phosphaturia of bicarbonate administration.
